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Metal–organic frameworks (MOFs) have recently attracted intense research interest because

of their permanent porous structures, large surface areas, and potential applications as novel

adsorbents. The recent progress in adsorption-based CO2 capture by MOFs is reviewed and

summarized in this critical review. CO2 adsorption in MOFs has been divided into two sections,

adsorption at high pressures and selective adsorption at approximate atmospheric pressures.

Keys to CO2 adsorption in MOFs at high pressures and low pressures are summarized to be pore

volumes of MOFs, and heats of adsorption, respectively. Many MOFs have high CO2 selectivities

over N2 and CH4. Water effects on CO2 adsorption in MOFs are presented and compared with

benchmark zeolites. In addition, strategies appeared in the literature to enhance CO2 adsorption

capacities and/or selectivities in MOFs have been summarized into three main categories,

catenation and interpenetration, chemical bonding enhancement, and electrostatic force

involvement. Besides the advantages, two main challenges of using MOFs in CO2 capture, the

cost of synthesis and the stability toward water vapor, have been analyzed and possible solutions

and path forward have been proposed to address the two challenges as well (150 references).

1 Introduction

The global climate change phenomenon, which is caused

mainly by the discharge of CO2 into the atmosphere, has
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attracted more and more attention.1 Some research results

reveal that the concentration of CO2 in the atmosphere has

increased from about 310 ppm to over 380 ppm during the last

half century.2 In the United States, over 94% of the CO2

emission is from the combustion of carbon-based fossil fuels.3

The U.S. Department of Energy (DOE) issued a carbon

sequestration program in 2009 aiming to achieve 90% CO2

capture at an increase in the cost of electricity of no more than

35% for the post-combustion process by 2020.4

Physisorption between certain adsorbents and CO2 molecules

could allow conveniently reversible processes to capture CO2

gas. It requires much less energy compared to the conventional

techniques that use basic species such as aqueous ammonia

and amine functionalized solids to remove CO2 gas.5–7

Activated carbon, carbon molecular sieves, and zeolites have

been extensively studied as adsorbents for CO2 gas.8–10 The

common shortfalls of these traditional adsorbents are either

low capacities or difficult regeneration processes.

Metal–organic frameworks (MOFs), also known as

coordination networks or coordination polymers, are novel

materials constructed by coordinate bonds between multi-

dentate ligands and metal atoms or small metal-containing

clusters (referred to as secondary building units or SBU).11–13

Most of the MOF materials have 3D structures incorporating

uniform pores and a network of channels. The integrity of

these pores and channels can be retained after careful removal

of the guest species. The remaining voids within the 3D

structures then can adsorb other guest molecules.14,15 The

structure of a typical MOF, Zn4O (O2C–C6H4–CO2)3, which

is known as IRMOF-1 (or MOF-5), is constructed with zinc

atoms as metal centers and terephthalic acid molecules as

ligands as shown in Fig. 1a. The central cavity formed by the

metal centers and ligands is much larger compared to other

traditional adsorbents and is essential for gas storage.14

Considerable efforts have been expended on the synthesis

of MOF materials in the last several years.16,17 MOFs are

synthesized generally by hydrothermal or solvothermal

methods. Some novel electrochemical approach has also been

reported recently.18 The state of the art is in the choice of

metal centers and design and synthesis of organic ligands.

Different combinations of metal centers and organic ligands

based on rational design ideas will generate MOF materials

with various structures and properties. Besides large surface

areas and pore volumes, some MOF materials are well known

to have unsaturated metal centers (UMCs),19–22 such as

M-MOF-74 or M/DOBDC (M = Zn, Co, Ni, Mg) shown

in Fig. 1b, in their 3D structures which can offer extra and

usually strong binding sites to guest molecules.23,24 In

addition, the pore sizes of some MOFs can be adjusted from
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several angstroms to a few nanometres by varying the sizes of

the organic linkers.25–27 Moreover, not like inorganic zeolites

and porous carbon materials, the properties and functions of

the pores can be easily tuned for specific applications by post-

synthetic modification of the parent MOFs.28–31 Besides the

large gas capacities at equilibrium states, the adsorption rates

in some MOFs are fast which is essential for practical gas

separation applications. Generally, self-diffusivities or intra-

crystalline diffusivities for gas adsorbed in MOFs are larger

than in zeolites because of larger pores and open structures in

MOF materials.32–35 Liu et al.36 reported that the main

resistance for CO2 adsorption in HKUST-1 (or CuBTC) and

Ni/DOBDC is macropore diffusion. So the CO2 adsorption

rate is generally much faster than CO2 adsorption in NaX and

5A zeolites where micropore diffusion is the rate control

mechanism. Due to the favorable properties mentioned above,

MOFs stand out from other porous materials for gas storage

and separation applications.

Several reviews have summarized the research efforts in gas

adsorption applications for MOFs, such as hydrogen and

methane storage, and carbon dioxide capture.37–42 Recently,

Sholl and co-authors43 contributed a review on experimental

applications of MOFs in large-scale carbon dioxide separations

in which both adsorption-based and kinetic separations of CO2

are included. Adsorption-based separations rely on the fact that

gases adsorbed in nanopores have much higher densities than

those of the gases in bulk phases. Kinetic separations use

differences in adsorption affinities and differences in diffusivities

of gases in a porous adsorbent. Kinetic separations are often

used in membrane-based applications.44,45 In this review, we

will focus on the progress and challenges in using MOFs for

adsorption-based CO2 capture including both experimental and

simulation studies. First, research on high pressure CO2 storage

in MOFs will be reviewed. Then, the CO2 adsorption at sub-

atmospheric pressure and selective CO2 adsorption in MOFs

will be presented and analyzed. Next, the key strategies aiming

to increase CO2 capacities and/or selectivities in MOFs will be

discussed and summarized into several categories. At last,

current challenges toward using MOFs in CO2 capture, such

as cost and stability, will be discussed as well.

2 CO2 adsorption in MOFs at high pressures

CO2 storage by adsorbents is an economical and relatively

mature method considering the low cost of equipment and the

possible recycling uses of the captured CO2.
46–48 Millward and

Yaghi published a pioneering work in which CO2 isotherms up

to 42 bar were reported for nine MOF materials as shown in

Fig. 2.49

Several MOFs have higher saturated CO2 capacities than

benchmark adsorbents such as zeolites NaX (or 13X) and

activated carbon MAXSORB. Particularly, MOF-177, which

is composed of Zn and a large linker 4,40,400-benzene-1,3,5-

triyl-tribenzoic acid (H3BTB), has an unprecedented 33.5 mol kg�1

CO2 capacity at 25 1C and 35 bar. The authors ascribed this large

CO2 capacity to the large pore space enclosed inMOF-177. Their

results also showed that the saturated CO2 capacities of the

MOFs are qualitatively correlated with their surface areas.

MIL-53 (Al) and MIL-53 (Cr) are interesting materials

because of their ‘‘breathing’’ crystal structures induced by

adsorption of H2O molecules as shown in Fig. 3.50,51 The

structure to the left shows the hydrated form in which the

pores are slightly deformed due to hydrogen-bond interactions

between the hydrogen atoms of the water molecules and the

oxygen atoms of the carboxylates and the m2-hydroxyl groups.
After water is removed through heating, the pores will return

back to the structure on the right with more open porosity.

Bourrelly et al.44–51 found that CO2 molecules will initially be

adsorbed to the hydroxyl groups in MIL-53 (Al) and this will

cause shrinkage of the structure. A further increase in the CO2

pressure will lead to reopening of the pore structure. They

reported that MIL-53 (Al) has a CO2 capacity of 10.4 mol kg�1

Fig. 1 The structures of two MOF examples. (a) IRMOF-1. SBU:

Zn4O tetrahedron, ligands: terephthalic acid, black balls: C atoms, red

balls: O atoms, yellow sphere: center cavity. Reproduced from ref. 14.

(b) M-MOF-74 or M/DOBDC. M = Zn, Co, Ni or Mg, blue balls:

metal atoms, red balls: O atoms, gray stick: C atoms. Reproduced

from ref. 22.

Fig. 2 Saturated CO2 capacities for several MOFs determined at

ambient temperature. Reproduced from ref. 49.

Fig. 3 Hydration and dehydration processes occurring in MIL-53

(Al, Cr). Left: hydrated structure; right: dehydrated structure. Reproduced

from ref. 51.
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at 30 bar and 304 K, which is well above those of conventional

zeolites and comparable with microporous carbons. Substituting

Al with Cr in MIL-53 essentially did not cause any change in

CO2 adsorption capacity. Thallapally et al.52 synthesized an

interpenetrated MOF which also shows breathing motion upon

solvent loss and CO2 inclusion. This breathing MOF has a CO2

capacity of 7.1 mol kg�1 at 30 bar and 298 K, which is similar to

that of the NaX zeolites under the same conditions.

Llewellyn et al.53 reported that MIL-101 (Cr), another MOF

from Materials of Institute Lavoisier (MIL), shows a high CO2

capacity, which is about 18 mol kg�1 at 50 bar and 304 K.

Furthermore, the authors activated MIL-101 (Cr) with ethanol

and NH4F to increase its surface area and pore volume which

leads to a record 40 mol kg�1 CO2 capacity at 50 bar and 304 K.

Matzger and coauthors54 synthesized UMCM-1 using zinc

nitrate and two different ligands, 1,3,5-tris(4-carboxyphenyl)-

benzene (H3BTB) and terephthalic acid (H2BDC). UMCM-1

has a high surface area (4100 m2 g�1) and giant pore volume

(2.141 cc g�1). Mu et al.55 measured CO2 isotherms at three

different temperatures for UMCM-1 and they obtained a CO2

capacity of 23.5 mol kg�1 at 24 bar and 298 K.

Farha et al.56 used computational modeling to design a

metal–organic framework, NU-100, with a particularly high

surface area. Then they successfully obtained a matched MOF

through the experimental synthesis, with a high BET surface

area (6143 m2 g�1). The NU-100 is composed of copper

centers and a large hexatopic carboxylate ligand (LH6) which

is shown in Fig. 4. Furthermore, the NU-100 has a CO2

capacity of 46.4 mol kg�1 at 40 bar and 298 K.

Recently, Yaghi and coauthors reported several MOFs with

ultra-high porosity.57 Particularly, MOF-210 exhibits the highest

BET and Langmuir surface area (6240 and 10400 m2 g�1) and

pore volume (3.60 cc g�1 and 0.89 cc g�1) of MOF materials

reported so far. Basically, they achieved the ultra-high porosity

by expanding the sizes of organic linkers from terephthalic

acid (BDC) in IRMOF-1 to 4,40,400-(benzene-1,3,5-triyl-tris

(benzene-4,1-diyl)) tribenzoate (BBC) in MOF-200. The BBC

linker is even larger than 4,40,400-benzene-1,3,5-triyltribenzoate

(BTB) which is used to synthesize MOF-177 as shown in Fig. 4.

More importantly, they achieved a new record CO2 capacity of

54.5 mol kg�1 at 50 bar and 298 K for MOF-200 and MOF-210.

For monodisperse cubic nanoparticles to have an external

surface that is equal to these two MOFs, the size of the

nanoparticle would have to be only 3 to 6 nm, which may

Fig. 4 Large organic linkers used to synthesize MOFs with extra

large surface areas and pore volumes. 4,40,400-Benzene-1,3,5-triyltri-

benzoate (BTB) is used to synthesize MOF-177; 4,40,400-(benzene-1,3,5-

triyl-tris (benzene-4,1-diyl))tribenzoate (BBC) is used to synthesize

MOF-200; LH6 is used to synthesize NU-100.

Table 1 High-pressure CO2 adsorption data for selected MOFs

Sample

Surface area/m2 g�1

Pore volume/cc g�1 CO2 uptake/mol kg�1 Temperature/K Pressure/bar ReferenceBET Langmuir

HKUST-1 (CuBTC) 1781 — — 10.7 298 35 49
1270 — 0.71 17.5 308 300 58

IRMOF-1 (MOF-5) 2833 — — 21.7 298 35 49
— — — 10.9 298 14 59

IRMOF-3 2160 — — 18.7 298 35 49
IRMOF-6 2516 — — 19.5 298 35 49
IRMOF-11 2096 — — 14.7 298 35 49
MIL-47 (V) — 1500 — 11.5 304 20 51
MIL-53 (Al) — 1500 — 10.4 304 30 51

1300 — 0.42 6.8 298 25 60
MIL-53 (Cr) — 1500 — 10.0 304 25 51
MIL-100 (Cr) 1900 — 1.1 18 304 50 53
MIL-101 (Cr)a 4230 — 2.2 40 304 50 53
MIL-102 (Cr) — — — 3.1 304 30 61
MOF-2 345 — — 3.2 298 35 49
MOF-74 816 — — 10.4 298 35 49
MOF-177 4508 — — 33.5 298 35 49

— — — 9.0 298 14 59
MOF-200 4530 10 400 3.59 54.5 298 50 57
MOF-205 4460 6170 2.16 38.1 298 50 57
MOF-210 6240 10 400 3.60 54.5 298 50 57
MOF-505 1547 — — 10.2 298 35 49
NU-100 6143 — — 46.4 298 40 56
UMCM-1 4100 — 2.14 23.5 298 24 55
USO-2-Ni 1925 — 0.74 13.6 298 25 60
Zn4O(FMA)3

b 1120 1618 — 15.7 300 28 62
Zn9O3(2,7-ndc)6(dmf)3

c 834 1146 0.41 7.1 298 40 63

a Activated by ethanol and NH4F.
b FMA: fumarate. c 2,7-ndc: 2,7-naphthalene dicarboxylic acid; dmf: dimethylformamide.
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not be large enough for practical use. This indicates that the

surface areas of MOF-200 and MOF-210 are close to the

ultimate limit for solid materials and so is the 54.5 mol kg�1

CO2 capacity at 50 bar and 298 K.

Results reported so far about CO2 adsorption in MOFs at

high pressures are summarized in Table 1. It is clear that CO2

capacities at high pressures depend on surface areas and pore

volumes of the MOFs. Increasing surface areas and pore

volumes of MOFs is an effective way to enhance their CO2

storage capabilities. Therefore, many large organic linkers

with multiple benzene rings and extended length, such as the

BTB and BBC linkers mentioned above, have been used to

synthesize MOFs with extra-large surface areas and pore

volumes. In addition to tailoring chemical compositions and

pore structures such as using larger organic linkers, activating

MOFs with supercritical fluid is another option to increase

surface areas and pore volumes. Supercritical activation can

eliminate the solvent surface tension at temperatures and

pressures above the critical point which will prevent the pore

collapse that would otherwise occur upon removal of organic

solvents by heat. Nelson et al.64 reported that MOFs have

much larger surface areas and pore volumes after solvent

exchange than after thermal evacuation. Supercritical drying

(ScD) can help thoroughly remove residual solvent inside a

MOF and increase their surface area to an even larger value

than using solvent exchange.

3 Sub-atmospheric pressure and selective CO2

adsorption in MOFs

3.1 CO2 adsorption at sub-atmospheric pressures

There are at least two applications where separation of CO2

from other gases using MOFs is of interest. They are separa-

tion of CO2 from sour natural gas wells and separation of CO2

from power-plant flue gas.41 The CO2 partial pressure is much

lower than atmospheric pressure for the second application.

Therefore, it is important to study CO2 adsorption in MOFs at

sub-atmospheric pressures.

Yazaydin et al.65 used both experiments and simulation to

screen MOFs for the highest CO2 capacities at about 0.1 atm.

They found that Mg/DOBDC and Ni/DOBDC (also known

asMg-MOF-74 andNi-MOF-74 or CPO-27-Mg and CPO-27-Ni)

have the highest CO2 capacities at 0.1 atm and 298 K, which

are 5.95 mol kg�1 and 4.07 mol kg�1, among the 14 MOFs

that they considered. The results are shown in Fig. 5.

A correlation between the CO2 capacity and the heat of

adsorption at sub-atmospheric pressures for CO2 adsorption

in MOFs was also reported. In contrast to CO2 adsorption in

MOFs at high pressures, there is no correlation between the

CO2 capacity and the surface area or the free volume. Therefore,

they concluded that MOFs with a high density of open metal

sites, such as Mg/DOBDC and Ni/DOBDC, are promising in

CO2 capture from flue gas in which CO2 partial pressure is about

0.1 atm. Liu et al.36 found that Ni/DOBDC has a higher CO2

capacity than NaX and 5A zeolites at 0.1 atm, and 25 1C.

In addition, water does not affect CO2 adsorption in Ni/DOBDC

as much as in NaX and 5A zeolites, and it is much easier to

remove water fromNi/DOBDC by regeneration. In other words,

Ni/DOBDC can adsorb more CO2 than traditional zeolites

under the same moist conditions. Aprea et al.66 reported the

CO2 isotherms at room temperature of CuBTC. Their results

showed that CuBTC has a higher CO2 capacity at atmospheric

pressure and a lower isosteric heat of adsorption than zeolites

NaX, which means CuBTC could be more suitable for fixed-bed

CO2 adsorption applications than zeolites NaX. Caskey et al.67

found that metal substitution in the DOBDC series can impact

their CO2 capacities at the low-pressure region significantly. This

metal substitution effect may be caused by the differences in the

ionic character of the metal-oxide bonds in the DOBDC-series

MOFs.65

3.2 CO2 adsorption over N2 and CH4

Large capacities at sub-atmospheric pressures are essential for

application of MOFs in CO2 adsorption. However, selectivity

is a more important factor since CO2 is always mixed with

other gases in practical applications.39 The selectivity for gas A

relative to gas B is defined by SAB = (xA/xB)(yB/yA), where xA
and xB are the mole fractions of gases A and B in the adsorbed

phase, and yA and yB are the mole fractions of gases A and B

in the bulk phase, respectively. Selective adsorption of CO2

over N2 has attracted extended attention because of the urgent

need to separate CO2 from flue gas. Similarly, selective

adsorption of CO2 over CH4 in MOFs is also of interest

considering the potential application in natural gas upgrade.

Although we will try to address CO2/N2 and CO2/CH4

adsorption in MOFs in sequence, it is not necessary nor our

purpose to treat them as two distinct topics because many

research studies have investigated both the CO2/N2 and

CO2/CH4 separations together.

Li et al.68 synthesized a robust zeolitic MOF material that

selectively adsorbs CO2 over N2. This selectivity may be due to

the small channels in the zeolitic MOF, which distinguish the

two gases with kinetic diameters (CO2, 3.3 Å; N2, 3.64 Å) similar

to the molecular sieve effect observed in zeolites 4A. Seven

MOFs, including CuBTC, MIL-47 (V), IRMOF-1, IRMOF-12,

IRMOF-14, IRMOF-11, and IRMOF-13, were studied for the

separation performance of CO2 over N2 by Liu and Smit using

Grand Canonical Monte Carlo (GCMC) simulations.69 In all the

Fig. 5 Experimental CO2 uptake in different MOFs at 0.1 bar. Data

were obtained at 293–298 K. Reproduced from ref. 65.
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MOFs they considered, CO2 is more preferentially adsorbed than

N2 with CuBTC showing the highest selectivity. IRMOF-1,

IRMOF-12, and IRMOF-14 with large cubic pores give the

lowest CO2/N2 adsorption selectivities up to 20 bar. They found

that pore size plays an important role in the selective adsorption

of CO2 over N2 and the reason is that both CO2 andN2molecules

have quadruple moments so the electrostatic interactions will help

increase the adsorption of both components. The effect of the

chemistry of the materials, i.e. effects of the electrostatic inter-

action, becomes less evident compared to the effects of pore size

on selective adsorption of CO2 over N2. Wu et al.70 constructed

a Li-modified IRMOF-1, chem-4Li MOF, which was obtained

by substituting all the hydrogen atoms by O–Li groups in

the aromatic rings of IRMOF-1 as shown in Fig. 6. The

chem-4Li MOF was found to have a CO2/N2 selectivity of 395

(CO2 : N2 = 15.6 : 84.4), which is two orders of magnitude

larger than that of the original IRMOF-1. The main reason is

due to the stronger electrostatic interactions between the frame-

work atoms and the gas molecules induced by the introduction

of lithium. Yang et al.71 reported a similar enhanced CO2

selectivity phenomenon for Li modified IRMOF-16.

MIL-53 (Al) is known as a MOF that has flexible structures,

which can affect CO2 adsorption. As mentioned before,

besides hydration, adsorption of CO2 leads to contraction of

the MIL-53 (Al) framework and formation of a narrow pore.

Finsy et al.72 found that up to 5 bar, CO2 strongly interacts

with the framework hydroxyl groups in MIL-53 (Al), while

CH4 is adsorbed in an unselective way. Further adsorption of

CO2 molecules at higher pressures reopens the framework and

the adsorption mechanism become unselective. As a result, the

average separation factor between CO2 and CH4 decreases

from 7 to 4. In order to improve the selectivity of CO2/CH4 in

MIL-53(Al), Couck et al.73 synthesized amino-MIL-53 (Al)

using 2-aminoterephthalic acid as the linker and the presence

of the amino groups together with the hydroxyl groups

drastically enhances the affinity for CO2, resulting in an

almost infinite selectivity of CO2/CH4 according to their

experimental data.

HKUST-1 is another MOF that has been extensively

studied for CO2 adsorption. Yang and Zhong74 found that

the HKUST-1 has ordered microdomains with different electro-

static field strengths in its structure, which can greatly enhance

the separation of CO2/CH4 because the two components have

largely different electrostatic interactions with the HKUST-1.

Martin-Calvo et al.75 simulated the CO2/CH4 adsorption

process in HKUST-1 and they reported that the siting of

the molecules in HKUST-1 provided the high adsorption

selectivity towards CO2. However, Hamon et al.76 did not

observe a significant influence of the adsorption sites on the

CO2 selectivity at low pressure in their experimental results.

Hamon and coauthors also measured a CO2 delta loading of

7.37 mol kg�1 between the production step at 1.0 MPa and the

regeneration step at 0.1 MPa for the CO2–CH4–CO (70–15–15)

separation by using HKUST-1. This selectivity is significantly

higher than that of zeolite NaX and activated carbon under the

same conditions.

Keskin and Sholl77 predicted that IRMOF-1 has a CO2/CH4

selectivity of 2.5 based on their simulation results of a mixture

composed of equal parts of CO2 and CH4. They also found

that mixture effects significantly affect the CO2/CH4 selectivity

for IRMOF-1 under conditions relevant for natural-gas

applications. Therefore, examining only single component

gases will not be sufficient for understanding the properties

of MOFs in practical CO2 separation applications. Perez et al.78

found that mixing 30% IRMOF-1 with a Matrimids polymer

can enhance the CO2/CH4 selectivity of IRMOF-1 to 29 at

308 K and 2 bar. Other than mixing with a polymer, the

selectivity of CO2 from CO2/CH4 mixtures is greatly increased

for IRMOF-1 by introducing lithium ions into its structure.

This enhancement is due to the electrostatic potential in the

materials caused by the presence of the metals.79 Recently,

experimental evidence has been reported by Bae et al.80 to show

that Li doping can help improve the CO2/CH4 selectivity to

about 50 for some Zn-based mixed-ligand MOFs. They

proposed two ways to incorporate Li cations into MOFs,

chemical reduction or cation exchange. For the chemical

reduction case, the increases in selectivity can be explained by

the favorable displacement of catenated frameworks, as well as

pore-volume diminution. Conversely, the selectivity enhancement

is due to the desolvated-Li(charge)/CO2(quadruple) interactions

for the cation exchange method.

Another interesting MOF, Mg/DOBDC, has been recently

studied for CO2 and CH4 adsorption.81 The authors found

that its CO2 adsorption capacity is significantly higher than

that of zeolite 13X under similar conditions but the pressure-

dependent equilibrium selectivity of CO2 over CH4 in

Mg/DOBDC showed a trend similar to that of zeolite 13X.

The authors used the Langmuir model to fit both pure CO2

and pure CH4 isotherms. The intrinsic selectivity of CO2 over

CH4 for Mg/DOBDC at zero adsorption loading is calculated

to be 283 at 298 K based on the isotherm data and the

Langmuir model parameters.

Selected results about the selectivities of CO2/N2 and

CO2/CH4 for some MOFs are shown in Table 2. Some results

of the zeolitic imidazolate frameworks (ZIFs), a subclass of

MOFs, were also included for reference. It is obvious that

many MOFs have high CO2/N2 and CO2/CH4 selectivities

which are essential for CO2 separation from natural gas and

flue gas. However, as pointed out by Sholl and coauthors,

it is not intrinsically interesting that MOFs preferentially

adsorb CO2 over CH4 or N2 because all the microporous

adsorbents such as zeolites and activated carbon do unless

that a MOF’s adsorption selectivity and/or capacity do

substantially improve upon traditional and inexpensive

adsorbents.43
Fig. 6 Structures of IRMOF-1 (a) and chem-4Li MOF (b) (Zn,

yellow; O, red; C, gray; H, white; Li, purple). Reproduced from ref. 70.
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3.3 H2O effects on CO2 adsorption

Selectivity between H2O and CO2 is important for using MOFs

to separate CO2 from flue gas. However, little research has been

done on CO2/H2O mixture adsorption. Liu et al.36 reported

CO2 isotherms for HKUST-1 and Ni/DOBDC with different

amounts of preloaded water. Although they found that water

does not affect CO2 adsorption in HKUST-1 and Ni/DOBDC

as much as in traditional zeolites, those two MOFs strongly

adsorbed water as indicated by their steep water isotherms.

Moreover, neither HKUST-1 nor Ni/DOBDC can adsorb any

significant amount of CO2 when water loadings are high which

means that the two MOFs preferentially adsorb H2O over CO2.

This is due to the strong interactions between water molecules

and the UMCs in HKUST-1 and Ni/DOBDC.

Some interesting results reported in the literature show that

a small amount of water can help enhance CO2 adsorption in

HKUST-1.95 The enhanced CO2 uptake is caused by inter-

actions between the quadruple moment of CO2 and the electric

field created by the coordinated water molecules. However,

further increasing water loading on the HKUST-1 will result

in considerable uncoordinated water molecules that block pore

space and make the HKUST-1 adsorb less CO2 than the dry

sample. Chen et al.96 studied the water effects on CO2 and CH4

adsorption in MIL-101 (Cr) using molecular simulation. They

found that the terminal water molecules in the hydrated

MIL-101 provide additional interaction sites and enhance gas

adsorption at low pressures. This enhancement is more

pronounced for CO2 than for CH4, because the CO2 molecule

has a strong quadruple. However, terminal water molecules

reduce free volume and gas adsorption at high pressures.

Liu et al.97 reported that the DOBDC series of MOFs

are prone to lose their CO2 capacities after water adsorption.

Table 2 Selective CO2 adsorption in some MOFs

Sample

Selectivity

CO2 concentration (%)
Experiment or
Simulation (E or S) Temperature/K Pressure/bar ReferenceCO2/CH4 CO2/N2

Bio-MOF-11 — 36 15 S 298 1 82
Cu(BDC-OH) 6.7a — — S 296 — 83
Cu2(Hbtb)2 12.4 — 50 E 298 1 84
HKUST-1 (CuBTC) 5 — 50 E 303 1 85

4 — 50 S 298 1 75
— 32 50 S 298 10 86
6 — 50 E 303 1 76
— 21 50 S 298 2.5 69
8.5 — 50 S 298 10 74

IRMOF-1 (MOF-5) 2 — 50 S 298 1 75
29b — 50 E 308 2 78
— 3 50 S 298 2.5 69
2 — 50 S 298 10 74
2.5c — 50 S 298 10 77

IRMOF-11 — 11 50 S 298 2.5 69
IRMOF-12 — 3 50 S 298 2.5 69
IRMOF-13 — 11 50 S 298 2.5 69
IRMOF-14 — 3 50 S 298 2.5 69
IRMOF-1-4Li (chem-4Li MOF) — 395 15.6 S 298 1 70
IRMOF-16-4Li 75 — 10 S 298 10 79
Li-MOF — 60 15 S 298 1 87
Mg/DOBDC (Mg-MOF-74) 283d — — E 298 1 81
MIL-47 (V) — 10 50 S 298 2.5 69
MOF-508b 3 4 50 S 303 1 88
rho-ZMOF 80 — 50 S 298 1 89

— 500 15 S 298 1 89
ZIF-68 5 18.7 50 E 298 1 90
ZIF-69 5.1 19.9 50 E 298 1 90
ZIF-70 5.2 17.3 50 E 298 1 90
ZIF-78 10.6 50.1 50 E 298 1 90
ZIF-79 5.4 23.2 50 E 298 1 90
ZIF-81 5.7 23.8 50 E 298 1 90
ZIF-82 9.6 35.3 50 E 298 1 90
ZIF-95 4.3 18 50 E 298 1 90
ZIF-100 17.3 5.9 50 E 298 1 90
Zn (BDC) (TED)0.5

e 4.5 — 50 S 298 1 91
Zn2(bpdc)2(bpee)(DMF)2

f 257 — — E 298 0.16 92
— 116 — E 298 1 90

Zn2(NDC)2(DPNI)g 8h — — S 296 5 93
Zn3(OH)(L)2.5(DMF)4

i 3.2 14.3 50 E 273 1.05 94
Zn4(OH)2(1,2,4-btc)2 4.5a — 50 E 295 1 84

a Henry’s law selectivity. b 30% IRMOF-1 in Matrimids polymer. c combined with kinetic selectivity. d intrinsic selectivity. e BDC: benzenedi-

carboxylate; TED: triethylenediamine. f bpdc: 4,4-biphenyl dicarboxylate; bpee: 1,2-bis(4-pyridyl)ethyenelene; DMF: dimethylformamide.
g NDC: 2,6-naphthalenledicarboxylate; DPNI: N,N-di-(4-pyridyl)-1,4,5,8-naphthalene tetracarboxydiimide. h Ideal adsorbed solution theory

(IAST) predicted selectivity. i L: 2,5-dichloro-1,4-benzenedicarboxylate; DMF: dimethylformamide.
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In addition, Kizzie et al. observed significant decreases in CO2

capacities for the Mg/DOBDC and Zn/DOBDC which were

regenerated after full hydration.98 The water stability of

MOFs will be discussed more in this paper.

4 Strategies to enhance CO2 adsorption in MOFs

The most important criterion to select an adsorbent is having a

desired gas capacity at certain pressures.99 Obviously, high

CO2 capacity and high CO2 selectivity are desired for the

applications of MOFs in CO2 capture. Extensive research

works have been done to make CO2 adsorption favorable in

MOFs and can be summarized into three main categories:

catenation and interpenetration, chemical bonding enhance-

ment, and electrostatic force involvement.

4.1 Catenation and interpenetration

The size of a pore is found to be critical to the adsorption

affinity for light gases.100–102 Within a certain range, a slight

variation in pore size can cause a dramatic change in the

adsorption affinity for an adsorbate. It has been reported that

at low pressures, CO2 uptake in a MOF correlates with the

heat of adsorption, an index of adsorption affinity which

depends on the size of a pore.33,103

The interpenetration or catenation of two or more frame-

works has traditionally been considered as an obstacle to

producing highly porous frameworks due to the resultant

reduction of pore volume. However, the catenation of two

or more frameworks with minimal displacement was found to

possibly prevent someMOFs from collapse.104 Recently, it has

been reported that interpenetration and catenation is an

effective way to reduce the pore dimensions of IRMOFs as

shown in Fig. 7.105 The catenated IRMOFs such as IRMOF-9,

IRMOF-11, and IRMOF-13 have larger CO2 over CH4

selectivity compared with their noninterpenetrated counter-

parts.106 Keskin and Sholl107 also found similar results. The

enhanced CO2 selectivity is considered as a result of additional

small pores and adsorption sites formed by the interpenetration

of framework. Cheon et al.108 prepared a doubly inter-

penetrated Mg-based porous MOF with 3D channels. The

desolvated solid SNU-25 exhibits high thermal stability and

can selectively adsorb CO2 over CH4 at various temperatures.

Recently, Kim et al.109 reported that they can synthesize either a

catenated (CuTATB-60) or a non-catenated (CuTATB-30) MOF

through a sonochemical route by adjusting the ultrasonic power

levels. Catenation in CuTATB-60 led to both higher surface area

and enhanced stability of the network than the non-catenated

counterpart, CuTATB-30. Moreover, the CuTATB-60 showed

higher CO2 adsorption capacity (189 mg g�1) than the

CuTATB-30 and has an excellent selectivity over N2 (larger

than 20 : 1) as well. Zhang et al.110 synthesized a pillared

MOF in both interpenetrated and noninterpenetrated forms

and they found that high temperature and reagent concen-

tration favored an interpenetrated crystal form.

4.2 Chemical bonding enhancement

One of the chemical bondings that can enhance CO2 adsorption

is a hydrogen-bond interaction between a CO2 molecule and a

MOF structure. Ramsahye et al.111,112 found that in both

narrow and large pore versions of MIL-53 (Al) and MIL-53

(Cr), the adsorption mechanism is mainly governed by the

interactions between CO2 molecules and the m2-OH groups as

shown in Fig. 8. The heats of adsorption are over 40 kJ mol�1

for both MIL-53 (Al) and MIL-53 (Cr). The importance of the

m2-OH group in forming the hydrogen-bond interactions with

CO2 molecules is clearly emphasized by a direct comparison of

the behavior of the m2-OH-containing MIL-53 and the MIL-47

material in which this feature is absent. Serre et al.113 showed

that the large breathing effect observed in the MIL-53 structure

is due to the existence of OH groups. Vimont et al.114 observed

spectroscopic evidence for the formation of electron donor–

acceptor complex between CO2 molecules and hydroxyl groups

in the nanoporous hybrid solid MIL-53(Cr) material. Mu

et al.115 showed that the incorporation of the electron-donating

groups into the organic linkers can largely enhance the adsorption

selectivity of MOFs for CO2/CH4 mixture separation through

GCMC simulations. This enhancement becomes more evident

with the increase of the electron-donating ability of the decorated

group while almost no influence by decorating with electron-

withdrawing groups. This result helps verify that the CO2

molecule plays as an electron-acceptor in the electron donor–

acceptor complex process.114

Fig. 7 Schematic representation of the pore structure in IRMOF-13.

The catenation of two frameworks, one shown in grayscale, reduces

the fixed diameters of the large and small pores defined by either

framework alone. Additional smaller voids are formed, shown as

green spheres, which account for roughly 45% of the pore volume.

Atom colors: C, black; O, red; Zn, blue tetrahedra; H, not shown.

Reproduced from ref. 105.

Fig. 8 Interaction of one CO2 molecule with two m2-OH groups on

opposing sides of the pore wall in the MIL-53 narrow pore structure

containing Al (a) and Cr (b). Reproduced from ref. 112.
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Another well-studied method to introduce chemical

bonding with CO2 molecules into MOFs is functionalization

by amine and its derivatives. This functionalization can be

applied during and after synthesis processes.

Basically, organic linkers containing amine groups are used

to functionalize MOFs during the synthesis. Vaidhyanathan

et al.116 synthesized an amine-functionalized MOF with zinc

carbonate, 3-amino-1,2,4-triazole and oxalic acid. The 3-D

framework is built from the pillaring of Zn-aminotriazolate

layers by the oxalate groups while the amino groups remain

free. In addition, this amine-functionalized MOF preferentially

adsorbs CO2 at low pressures with a 40.8 kJ mol�1 heat of

adsorption. Demessence et al.117 obtained an alkylamine func-

tionalized MOF with 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene

(H3BTTri) as shown in Fig. 9. The functionalized framework

exhibits a higher uptake of CO2 at very low pressures compared

with the nongrafted material and displays a record isosteric heat

of adsorption of 90 kJ mol�1. Zheng et al.118 successfully

constructed a new highly porous rht-type MOF by using a

flexible hexacarboxylate ligand with amide linking groups.

Their MOF exhibits high surface area, large CO2 gas storage

capacity, and a high heat of adsorption. These observations

indicate that decoration of a MOF with polar acrylamide

groups can significantly enhance CO2 binding ability and

selectivity of MOFs.

Post-synthetic amine functionalization is also reported

in the literature. Wang et al.119 treated DMOF-1-NH2, a

MOF constructed from Zn(II)-based paddle-wheel secondary

building units, 1,4-benzenedicarboxylate, and pillaring

1,4-diazabicyclo[2.2.2]octane (Dabco) ligands, with linear alkyl

anhydrides and converted the amine group to the corres-

ponding amide groups. The amide containing MOF has differ-

ent breathing behavior from the amine containing MOF and

also has good CO2 capacity. An et al.120 synthesized an adenine-

containing MOF, bio-MOF-11, which has a high CO2 capacity

and impressive selectivity for CO2 over N2. The authors

attribute these favorable CO2 adsorption properties to the

presence of the Lewis basic amino and pyrimidine groups of

adenine and the narrow pore dimensions of bio-MOF-11. In

addition, the authors introduced tetramethylammonium (TMA),

tetraethylammonium (TEA), and tetrabutylammonium (TBA)

via cation exchange into the pores of bio-MOF-11.121 They

showed that such modifications can be used to systematically

tune the CO2 adsorption capacity of this material and they

also suggested that smaller pores in MOFs may be ideal for

condensing CO2 at temperatures relevant to real-world

application.

UMCs basically provide coordination bonding sites for CO2

molecules. Bae et al.122 studied the separation of CO2/CH4

mixtures in a carborane based MOF with and without UMCs.

A high selectivity of about 17 between CO2 and CH4 was

achieved for the MOF with UMCs. This result strongly suggests

that UMCs can aid in the separation of (quadru)polar/nonpolar

pairs such as CO2/CH4. Dietzel et al.123 reported that DOBDC

series ofMOFs contain a large amount of openmetal sites, which

impart a high affinity towards adsorption of guest molecules as

shown in Fig. 10. They observed large CO2 capacities, quantita-

tive separation of CO2 fromN2, and substantial retention of CO2

in mixtures with CH4 for Ni/DOBDC and Mg/DOBDC. As a

consequence, these MOFs may be eminently suitable for applica-

tion in separation processes. Recently, Sumida et al.124 synthe-

sized an iron-based MOF, Fe-BTT. They identified that the

strongest binding sites reside very close to the framework Fe2+

cation. The exposed Fe2+ cation sites within Fe-BTT also lead to

the selective adsorption of CO2 over N2. Besides metal atoms,

some nonmetal atoms can also form unsaturated centers.

Lin et al.125 found that even partially exposed uncoordinated

nitrogens can effectively enhance the CO2 binding affinity in their

metal azolate frameworks (MAFs).

4.3 Electrostatic force involvement

Electrostatic force is generally introduced into MOF structures

through metal ions doping and polar species modification.

Babarao et al.126 used molecular simulations to study the

adsorption and separation of CO2/CH4 mixture. They found

that the presence of extra framework ions can enhance the

interactions with guest molecules and act as additional adsorption

sites. The adsorption selectivity of CO2 over CH4 in charged

soc-MOFs is predicted to be one order of magnitude greater than

in IRMOF structure and the highest among the various MOFs

reported to date. Botas et al.127 doped the IRMOF-1 with Co

metal ions and they found that the Co doped materials have

Fig. 9 A portion of the structure of the sodalite-type framework

of Cu-BTTri showing surface functionalization of a coordinatively

unsaturated Cu site with ethylenediamine, followed by attack of an

amino group on CO2. Purple, green, gray, and blue spheres represent

Cu, Cl, C, and N atoms, respectively; framework H atoms are omitted

for clarity. Reproduced from ref. 117.

Fig. 10 (a) Cutout along the chains of the DOBDC series of MOFs

showing the coordinatively unsaturated metal centers in the form of

the square-pyramidally coordinated metal atoms; (b) crystal structure

of the DOBDC series of MOFs viewed along the channels illustrating

the primary adsorption sites at the unsaturated metal centers as large

spheres. Reproduced from ref. 123.
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higher adsorption capacities for CO2 and CH4 at high pressure

than their Co-free homologue. They ascribed the high CO2

capacity to the exposed Co sites. Their study opens the possibility

of doping different MOFs with a variety of metal ions during

solvothermal crystallization. Xiang et al.128 showed that the CO2

and CH4 adsorption capacities are improved by doping the

carbon nanotube modified HKUST-1 with Li. To achieve

the enhancement, the Li content must be maintained at an

appropriately low concentration because excessive Li doping

leads to deformation of the frameworks. Bae et al.129 used a

post-synthetic method to modify a Zn-paddlewheel MOF by

replacing coordinated solvent molecules with highly polar

ligands, 4-(trifluoromethyl) pyridine. This modification intro-

duces electrostatic force into the MOF structure and leads to

considerable enhancement of the CO2/N2 selectivity.

5 Challenges and outlook

Many MOFs have higher CO2 capacities than traditional

zeolites and some MOFs can selectively adsorb CO2 from

mixtures with N2 or CH4 at both sub-atmospheric pressures

and high pressures. More importantly, it is much easier to

tailor the pore structures and the chemical compositions of

MOFs than zeolites. This critical advantage endows considerable

possibilities for researchers to increase CO2 capacity and

selectivity for MOFs in the future. However, there are still

some existing challenges, such as synthesis cost and material

stability, which have to be addressed in order to use MOFs in

practical applications.

5.1 Synthesis cost of MOFs

Synthesis cost is always a critical issue to consider for practical

applications of synthetic materials. Similar to the synthetic

zeolites, MOFs are usually synthesized through hydrothermal

or solvothermal reactions. The total cost to synthesize a MOF

includes the cost of reactors, the cost of reagents, the cost of

utilities, and the cost of separation and activation of final

products. The reagents usually include metal source, organic

linkers, solvents for reactions, and solvents for exchange

processes. Compared to the synthetic zeolites, the cost of

reactors and the cost of utilities to synthesize MOFs can be

assumed to be comparable. Moreover, to prepare MOFs does

not need additional capital investment into a totally new

technology. Simply adaptation of conventionally available

precipitation and crystallization manufacturing methods is

feasible.18 However, the cost of organic linkers and solvents

to synthesize MOFs differentiate them from the synthetic

zeolites. The organic linkers are usually aromatic compounds

which have several benzene rings in their structures with

functional groups such as carboxylic acid group, hydroxyl

group, and amine group. In addition, imidazole and its

derivatives are also used as organic linkers to synthesize a

series of MOFs which have zeolitic structures, namely zeolite

imidazolate frameworks (ZIFs). Many of the organic linkers

have not been commercialized in large scale yet and can only

be synthesized in the research labs. To synthesize those special

molecules is very costly and time consuming. The cost of

organic linkers can be reduced if some new synthesis techno-

logy can be developed and adopted in the future to make use

of petroleum raw materials that contain abundant aromatic

compounds and minimize the usage of fine chemical reagent.

In order to remove residual solvents remaining inside of the

pores and increase the surface areas and pore volumes of

MOFs, solvent exchange procedures are usually used to

activate the as-synthesized MOFs. Large amounts of organic

solvents are consumed in this step and the recovery processes

of the solvents are energy intensive. An alternative way to

activate MOFs after synthesis is using a supercritical drying

technique. According to the literature, using the supercritical

drying method can increase the surface areas of MOFs to an

even larger value than using solvent exchange followed by

thermal regeneration.64 Taking advantage of using the super-

critical drying technique can significantly reduce the use of

solvent to activate MOFs thus may reduce the total cost to

synthesize MOF materials.

To reduce the cost to synthesize per unit of MOFs, scaling

up the synthesis process is a natural choice. Moreover, being

able to synthesize MOFs in bulk is a necessity for their

applications in CO2 capture from flue gas considering the

scale of the problem. The cost of the raw materials required to

synthesize MOFs was determined as a first step toward

calculating the MOFs production cost. Costs of the starting

materials to produce some MOFs are shown and compared

with some normal adsorbents in Table 3. Price quotes were

obtained from multiple vendors for each raw material based

on the purchase of one metric ton or greater quantity. Prices

for individual materials were combined based on the relative

amounts required for the synthesis of each MOF to arrive at

the raw material cost per MOF. Examining the raw material

costs is an easy first step toward estimating MOF production

cost and identifies the absolute minimum possible cost for a

MOF. This information can be used as an early screening

criterion for applications where material costs are expected to

be a significant fraction of the total system cost. BASF has

recently commercialized four MOF materials, including

BASOLITE-A100 (MIL-53), BASOLITE-C300 (HKUST-1),

BASOLITE-Z1200 (ZIF-8), and BASOLITE-F300.18 The

retail prices for those commercialized MOFs are from 10 to

15 US $ g�1, which is only affordable for research purpose at

this moment. However, with advance in raw materials selec-

tion and synthesis technology, lower price even comparable

price to synthetic zeolites may be achieved for large scale

synthesis of some MOFs in the future.

Table 3 Cost of the starting materials to produce some MOFs

Adsorbent Costa/US $ kg�1

CuBTC (HKUST-1) 20.08
CoCo (Co3[Co(CN)6]2) 35.14
MOF-5 (IRMOF-1) 2.93
Zn/DOBDC (Zn-MOF-74) 1.90
Ni/DOBDC (Ni-MOF-74) 6.48
Co/DOBDC (Co-MOF-74) 13.33
Mg/DOBDC (Mg-MOF-74) 1.19
MIL-100 15.64
MIL-101 4.57
Silica gel 1.00

a Costs were estimated from quotes obtained from multiple vendors

based on the purchase of one metric ton or greater quantity.
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5.2 Water stability of MOFs

Another concern for the applications of MOFs in CO2 capture

is their stability toward water vapor. Kusgens et al.130 reported

that several MOFs can adsorb a large amount of water and

not all of the water molecules can be desorbed because of the

chemisorption. They found that both HKUST-1 and DUT-4

are not stable in direct contact with water, whereas the MIL

series of MOFs and ZIF-8 do show stability. Low et al.131 used

a quantum mechanical method to calculate the activation

energies for the reactions between water molecules and

metal-oxide bonds. Their results suggest that the strength of

the bond between the metal oxide cluster and the bridging

linker is important in determining the hydrothermal stability

of the MOFs. A steam stability map was also generated for

several MOFs and it seems that the stabilities of MOFs

increase with the increasing coordination number of the metal

atoms from 4 to 6 as shown in Fig. 11.

In addition, HKUST-1 was observed to be stable in O2 at

room temperature, but its crystallinity was reduced in humid

environments. The CO2 adsorption capacity was progressively

reduced upon cyclic exposure to water vapor at 30% relative

humidity, but leveled out at 75% of its original value after

several water adsorption/desorption cycles.132 Liu et al.36

reported that HKUST-1 and Ni/DOBDC are prone to lose

carbon dioxide capacity after repeated H2O/CO2mixture isotherm

measurements. Liang et al.133 reported that Zn2(BDC)2(Dabco)

and Ni2(BDC)2(Dabco) are stable after O2 and 30% relative

humidity water vapor sorption at 25 1C, but collapsed after

60% relative humidity water vapor sorption at the same

temperature. As a well known MOF which is promising for

high pressure CO2 storage, the framework structure of

MOF-177 is not stable upon H2O adsorption, which decomposed

after exposure to ambient air in 3 days.134 Recently, Kizzie

et al.135 reported that the CO2 capacity for Mg/DOBDC was

drastically diminished after H2O breakthrough and subsequent

regeneration. In conclusion, water vapor can damage the MOF

structures while hindering CO2 adsorption in MOFs. This is a

very important problem that requires urgent solution to advance

the applications of MOFs in CO2 capture.

A straightforward approach to mitigate water effects on

stability and CO2 adsorption is to make MOFs that dislike

water, in other words, to create hydrophobic surfaces in

MOFs. This can be done through making MOFs with

hydrophobic surfaces or modifying hydrophilic MOFs after

synthesis. Yang et al.136 synthesized some fluorous metal–

organic frameworks (FMOFs), wherein hydrogen atoms are

substituted by fluorine atoms in all ligands. Compared to their

non-fluorous counterparts, FMOFs with fluoro-lined or

fluoro-coated channels or cavities have enhanced thermal

stability and hydrophobicity. Farha et al.137 synthesized a

noncatenated, 3D MOF featuring solvent-capped metal

nodes. They replaced the coordinated solvent molecules with

various cavity modifiers, including pyridine and its derivatives.

The resulting tailored cavities show different adsorption

properties and this post-synthetic modification method can

be adopted to cover hydrophilic surfaces in some MOFs with

hydrophobic molecules, such as pyridine, to reduce H2O

effects on CO2 adsorption. Nguyen and Cohen138 successfully

demonstrated that hydrophobic properties can be easily

Fig. 11 Steam stability map for several MOFs. The position of the structure for a givenMOF represents its maximum structural stability by XRD

measurement. The energy of activation for ligand displacement by a water molecule determined by molecular modeling is in kcal mol�1.

Reproduced from ref. 131.
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incorporated within a MOF. They integrated medium to long

alkyl groups into IRMOF-3, as shown in Fig. 12, turning the

moisture-sensitive MOF into a hydrophobic material which

can maintain its structure upon contact with water.

Yang et al.139 synthesized a hydrophobic IRMOF-1 by

introducing one or two methyl groups on the BDC moiety

and found that the methyl modified IRMOF-1 is significantly

less sensitive to water and can maintain its crystal structure

compared with the original IRMOF-1.

An engineering solution to relief water effects on the

stabilities of MOFs and CO2 adsorption in them is to install

a guard bed loaded with desiccants in front of the main bed

loaded with MOFs to remove the majority of water and to

take advantage of the MOFs’ high CO2 capacities and

selectivities.

Although water can impact CO2 adsorption in MOFs, many

MOFs can retain their structures even after being immersed in

water and some organic solvents. For example, HKUST-1 was

activated by solvent exchange with dichloromethane after

synthesis.105 The activated HKUST-1 has larger surface area

after regeneration than the original sample. This result shows

that HKUST-1 is stable toward dichloromethane processing

and can retain its structure and porosity. Similarly, Ni/DOBDC

can be synthesized in THF/H2O and activated with methanol.123

Another typical MOF, ZIF-8, is stable in diethylformamide and

methanol.140 Moreover, a recently discovered Mn-based MOF

can be used as a catalyst for liquid phase chemical reaction

without losing its crystal lattice.141

In addition to the stability of MOFs toward water vapor

and organic solvents, the stability of MOFs toward acid gases,

such as SOx and NOx, the stability of MOFs toward storage,

thermal regeneration, and cyclic processing should also be

investigated in the future from a practical application point

of view.

6 Conclusions

MOFs are promising novel adsorbents for CO2 capture due to

their high surface areas, large pore volumes, and easy

controllable compositions and pore structures. Progress in

adsorption-based CO2 capture by MOFs has been reviewed

and summarized in this paper.

The keys for CO2 adsorption in MOFs varied with CO2

pressures. At high pressures, CO2 capacities depend on surface

areas and pore volumes of the MOFs. Therefore, increasing

surface areas and pore volumes of MOFs can enhance their

CO2 storage capabilities. At low pressures, CO2 capacities

depend on the heats of adsorption for CO2 adsorbed in

MOFs.142 Therefore, increasing the interaction strength

between CO2 molecules and the MOFs, such as introducing

unsaturated metal centers, can help increase the CO2 capacities

for MOFs. Besides high CO2 capacities, many MOFs have high

CO2/N2 and CO2/CH4 selectivities which are essential for CO2

separation from flue gas and natural gas. However, research in

further improving CO2 capacities and/or selectivities, especially

under moist conditions, is still necessary for MOFs to clearly

stand out from the traditional microporous adsorbents.

One important advantage of MOFs compared to traditional

zeolites is their diversities in compositions and crystal structures.

Many research studies have shown that either the CO2 capacities

or selectivities or both can be improved or tailored for some

MOFs by reducing the pore sizes, such as interpenetration or

catenation,106 modifying the organic linkers, such as amine

functionalization,143 and introducing electrostatic force, such as

metal ions exchange.127 In addition, the post-synthetic method

becomes a popular and effective way to endow new properties or

change current properties of MOFs to meet specific needs.138

Two important issues to be addressed before applying

MOFs into practical applications of CO2 capture are how to

synthesize MOFs in bulk with reasonable cost and how to

improve the stabilities of MOFs toward water vapor, heat

regeneration, and acid gases. The keys to approach addressing

the first issue are to scale up the MOF synthesis processes,

substitute the synthesized organic linkers with some raw

materials in petroleum, and adopt new synthesis and activation

procedures to minimize the usage of expensive solvent through-

out the processes. Regarding the second issue, new MOFs with

hydrophobic surfaces, such as the fluorinated MOFs (FMOFs),

may have enhanced hydrothermal stabilities toward their non-

fluorinated analogues.144–146 Changing the surfaces in some

MOFs from hydrophilic to hydrophobic is another option to

increase their stabilities toward direct contact with water vapor

and also may reduce water effects on CO2 adsorption in the

MOFs.147 More data are needed to better understand and

evaluate the stabilities of MOFs toward cyclic processes and

acid gases.

Although significant challenges exist in applying MOFs in

CO2 capture, MOFs are still promising novel adsorbents for

CO2 capture.83,148,149 Because many MOFs have larger CO2

capacities than benchmark zeolites and water adsorption does

not affect CO2 adsorption in some MOFs as much as in

zeolites.36 Some MOFs have much higher CO2 selectivities

than traditional adsorbents and the CO2 isotherms for some

MOFs are more linear than those of zeolites which indicate

larger CO2 working capacities under the same pressure

swing adsorption (PSA) process.150 Meanwhile, exploring

and developing of MOFs is still in its early stage, we can

anticipate that new and probably better MOFs for CO2

capture will be discovered in the near future because of their

versatility in chemical compositions and crystal structures. By

then, the cost to produce MOFs may gradually approach

a level that is affordable to the related industry after

adopting some new technology in the synthesis processes.

Breakthroughs in developing MOFs with high CO2 capacities,

high selectivities, and high hydrothermal stabilities are still

urgently needed.

Fig. 12 Schematic representations of the modified IRMOF-3 after

synthesis. One modified organic ligand substituent is shown in each

structure. Reproduced from ref. 138.
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